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SN NATIONAL ADVISORY COMMITTERE FOR AERONAUTICS

» 7 TECHNICAL HEMORANDUM NO, 1081

O THE AUTOMATIC REGUIATION OF OUTPUT
‘1IN CENTRIFUGAL COMPRESSORS?

By V. 7, Rie
SUMMARY

Thlis paper dlscusses the theory and design of dynaixic
tpressurc augmentores® (dlephragms equal orifice plates and
nogzlecé) and various forms of M"pressurq multipliaers® (siaple
"venturl tubes, Rateau~type multiple venturis, and a combina-
tlon of shaped nozzlé and sinple venturi developed by the
author), No complste theory of pressure multiplication is
Yot -avdilable; conditions .of governing are discussed in re—
lation to pressure—augmenting-devices fitted elther on the
suction or the pressure side of the blower; fluctuations of
output and power cdnsumption caused by the presence of an
sughentor are analy:ed wlth the result that fitting on the
pressure side appears generally preferable, Some consldera—
tlons on the sulitable deslgn and sslection of pressure—
augmenting devices are appended, : ..

I, DEVICES FOR AUGMERTING THE -GOVERHIFG FORCE

The problem of controlling the output of a centrifugal
compressor obviougly consists in 'malntaining a constant vol-
ume of dlscharge to the pipe line or alr roceiver; either by
correspondlngly controlling the blower speed or by throttling
the intake volume at constant blower apeed,

In both cases the regulating impulse 1s provided’ by
indirect forcee affocting the discharge volume: the dynamic
pressure, any pressure difference, or the resistance of

Sovetakoe Kotloturboatroanie. No, 8, Aug, 1240,
pp, 261-269, . : . : -

HOTE: Reprint of R.T.P, Translation No, 1390; lssucd
by the Minisgtry of Alrcraft Production, London, England,
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some rigld body inserted in the stream, However, owlng to
the usually low flow velocity in the pipe line,these in-
direct forces are 1nsufficlent to ensure the necessary
gonsitlivity of the governor; consequently: .special pressure-
auvgmenting devices Are necessary lnereasing the dynamle
force of the discharge such as the contraection of the flow
channel by crifice plates or shaped nozzles or some form

of pressure-multiplying device,

1, Pressure Augmenting by Dimphragms
(Orifice Plates) or Nozzles

Diaphragme and nozglecs are the-simplest form of pressure
augmentor, However, thesy commcnly cause excesslve rasidual
pressure losses and for the purpose in view (output regula-
tion) ars ussful cnly in special cases,

The magnitude of the pressure dlfferentlal AP! pro—
vilded by on augmentor depends not only on the form of tho
latter but also on the manner of-lts arrangement 1ian tho -flcw -
that is, the design and arrangemgnt of the pipes transmitting
the pressure drop to.the governox membrane, Two possible
ceses for a pressure—anugmerting devica are;

Cnse 1 (fig, 1a): The preésure differqgntial AP! 1is
the dificrence of tho statlc pressures Py and Pyp; at tho
upstream and downstream faces of the constricted flow; that
is, essuming ¥ equals constant ond disregurding losses,
approximately:

AP!' = PI—PII ='Yl

The diffecrerce in pressure Py — Py7 Dbetween the upstrean
and downstream faces of the constricted flow is a measure of
the discharge volume and will be denoﬁed by AP, Then, for
the prescnt casa: )

AP' = AP (1)

‘Crse 2 (figl 1b): The prossure differential AP!' 1is
tho difforence between the total pressure P, + ¥ Ellf
: . : 2
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meecsured nt a dietance of 0.6D to 1,0D in advance of the
constriction, and the static pressure Prr noasured at

tho downstream faco of the constriction (at_the'pipe wall
iamediately behind tho diaphragm or nozzle), - The expras—
slon for the pressure difference AP! 1g consequently 1:

AP P+ v, 2 ) p AP 4+ ¥ %" (2)
= + — = + —_—
( 1 1 T3g ) I1 | 1 2g
Since by the ﬂeqnoulli equationt '
L 4
T 13 Ca:a
2g 2g
and P, = F;;, substitute irn cquation (2):
2 .' . - u
apv =y, S2, ' (21)
. 1 2z - ' .\

_ 1The pressure Py at the tube wall immcdiately in
front of tho orifice plate or nozzle ig groater than the
nresgure P, at eectlcen 1 owing to grrduasl retardatlan of
the flow alorg tho tubo wall up to the apex of the right
nngle (here the thecretical velocity 1z zero), OConseausntly,

P, =Pr—o; Y,

NO
wl

where the mean.valocity Cc, 1is connected with tho velocity
G, Dbefore the pitot tube by .the relation G', = KgGC,.
Consequently, ' '

c l.la e c
P, + ¥, —=— = P. +(Z.% ~ v =1
1 1 Tgg.  Th. Ze ¢a) 1 og

c

the position of the pitot tube and the surface roughness in
the pipe, The coefficilent ¢, 1s.,0,4F for smooth pipes nnd
0.357 for rough pipss, "If the pitot tube 1g situated in the
axls of the pipe the volue.of ' (Eg®—p,) approaches unity as
essuned in the derivation cf squation (2).

roo R . .
The coofficlient X, = %F¥ depends on Re (Reynolds nuabsr)
1
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Consequently, in this c@se the-fressure difference AP!
providing the governing force 1s equal to the dynamic

pressure Y, ?f— .at "the minimum section bohind the con—
. g .

striction, This proessurs diffdrence 1s greater than the
pressure drop in case.l by the amount of the dynamlc pros—
gure in front of the comstriction,

In practice,a third scheme of arrangoment of the
pressure augmentor, according to figure le, is frequently
found, Tho pressure differentlal 1s the same as fcr case 2
(fig., b),but is pulsating owlng to the higher veloclties on
the downstroar slde of the constriction at the mouth of tha
wltot tubda,

The connectlion between the pressure differcnce AP
obtnined in an arrangoment efter case 1 and the discharse
volumo @, 1n cudbic meters per seccond, related to the con-
dition of the flow upstream of the diaphragm cr noszzle,is
expresscd by the followlng ‘equation:

Q, =aoc (?) ag V— (3)
where
d digmeter of oriflce or nozzle
D dinaster of pipe line, F =73 n®

a discharge ccefficlient depending on 4 : D

c . comprosslibllity coefflclient depcnding on and %

e I"'J

deneity of medlium before the orifice or mozzle

For an orrangement after case 1 (from now on C, equals
mean velocity 1n the plpe line before the pressure auguentor)
there is, by equations (1) and (3):

1
. /d P
N6}

AP' = AP = .
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and for an arrangement after case 2%

c,3 1 oo, 3
APV = AP + ¥, —&— = + 1]y, =
2g 3 2 (4\* 2¢

g ] 3/

"Denoting the coefficientlindicating the lncrement of
the pressure difference AP! produced by the augmentor

a
over the dynamic preseure in the pipe line ¥, %ﬁ; by o
(coefficient of mugmentation) gives
{(a) For the arrangement after case 1: .
1
¥ = (&)
4
o3 a3 (%\
D/
(b) For the arrangement aftor case 2:
¥ o= ! s ' (5)

. o2 a® (%)4

Commence by dieregafd{ng the ‘effoct of compreossibility -
that i1e, assume 0 = 1 = and derote the value of M for
=1 by My. It must de remembered that, for an arrange-

ment after case 1, )
. " M o= iLfM (6)
The selection of the type of ‘pressure-augmenting dovice

wlll be governed almost entirely by the residual pressure
losses &P, produeed by the augmentor.

Fgr orifice platee and nogzszles thle will be (reference 1,
p. 285

.,_.' - —'_1_— _ . het T ( )
8P [u (%)a 1] 2 5 7
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whore p 1ie the cosfficlent of contraction of the stroazs
for nozzles w = 1,0; whereas for orifices it can be found
by the formula (reference 1, p, 284): .

o= - z (8)
v/l + 0.85 a® <%>‘
If tho reslidunl losses 8P are ropre;ented by
8P = ¢ AP! (9)

then thoe coeffieclont of rosldual loss 1s dotermlined by:

1 1
S U R S (10)
M‘0

d.:
)

In figure 2 the most lmportant factors in the adove
expresslon — the ratio 4 : D and the rosidual loss cocffi-
cisnt § — &ars plottcd for convenience in calculation as
functlon of the coefficiont of augmentation N,, According
to this:

(a) The residual loss coefficlent & increases.with
increasing coefficlent My — first quickly, then more slewlyr,

(b) The arrangement after case 1 is only logs favofahlp
than caso 2 for low values of Mg; for high values of Mg
the two arrangoments ers prectlecally equivalent,

Flgure 2 aleo shows that with M equals conetant ond
the same arrongement of the augmentor the ressldual .pressure
losses for orificés and nozzles are the samo, Therefore,
orifices should” be preferred to nozzles as the simple and
chenonor arrangment. The only axceptlon 1s if the flcow 1s
contealnated with tarry refuee or dust; in such casc a
tenecious crust forme more quickly on orificos than on nozzlas,
producing o rounded edge to the epertura of the orifice platc,
affceting its efficlency, snd congequently the value of My

.
I"-
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2. The Use of Venturi Tubes and Pressure MNultipliers
as Pressure-Augmenting D;vicel

A pressure multiplier (choke) is a coaxial arrangement
of venturl tubes of different diameters - & multiple-venturil-
tube arrangement. These were suggested by Rateaun (fig. 3).
The disadvantage of the Bateau choke (usually consisting of
a triple venturl tube) is 1ts considerable structural length,
which may attain 4D to 8D and makes practical application
difficult. The present writer has, therefore, suggested an
alternative arrangement (shown on fig. 7) and consisting of
an orifice plate with a coaxial venturi tube in the aperture,
which has a far lower structural length of 0.75D to 1.0D.

Theorotical analysle of the pressure.nmultiplior princirle
will first be applied to a Rateau-type choke consisting of a
double venturil tube (fig, 3a) and then extended to other equiv-
alent arrangements, The following notation will be used:

Fé I entry section of the small Venturi I

e 1 rinimum soection of the emall vonturi I

Fa 1 discharge'aectioﬁ of the small venturi I
FG 1I entry sectlon of tho.large vsaturi 1II

Ty 11 Linimum section of the large venturl II
Fa 11 discharge sectlion of the large +venturi II

To simplify calculation,it will be assumed that
Fo 11 = Fq 17 = F, the last belng equal to (w/4)DF

equals cross section of the pipe line; furthermore; that
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being the ratlos:of all settions to the cross sectlon of the
pipe linc 7 (excluding the entry secticns which will be
determined later) - by the followilng expressions,

F

3% 5 Sl o o, (1)
7, ;= Fe 1T _ 7 (12)
) n np 11 '
T ) '
) =21, (1%)

"k I LI T

Throe concsecutlve equations for the discharge cnn now
be set up: for the portion of the flow passing threugh
venturl I, for the portion of the flow betwsesn vaaturls I
and II, and for the total flow, Then,

Qp = Co 1 Fg 1 =Cp 1 — Fg 1 (1a)
Clg (F—Tg 1) =0l (Fy 17~ Fy 1) (1%)
U = C; T =C4 1 Fu 1 + C'y (P 171 — Fu 1) (1€)

where C, equale nean veldécity in the pipe line before tae
aultiplier, The velocltlies C'y and C'y are defined cn

figure 3a,

fcdifying equation (16) by equetion (12) gives
C; npyyp = €z + (n - 1) Cry (161)

Applying the Bernoulll equntlon successively tr the
flow through venturl I and the flow between tonturils I and

Il ylelds.
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T "cbal' ¢ a I‘ : .
Por + ¥ =Py 14 (14 (17
clea ct. @
| " mevradomes 22 1 . ]
Ply+ ¥ g = B * (1 + ¢) _EE— (18)
c_*® I
Assume that the total prossures Pg y + ¥ ;g and
Plg + ¥ Qig_ ersd equal ('the aaﬁumption P91 = P'y glvos

approximately the same finael result) and that by analogy
. with a parallel-wall channel Fgy = Ply. dquations (17)

and (18) furnish thoe following relationahips:

(1+ &) 6, 1= (1 + gr) 61y

”;Ck = o Ca I ! (19)
. Jie by
? Y | (20)

Since €5 willl plways te conslderably greater than E&f,
then ¢ > 1,0; therefore, tho veloclity C, 1 willl always he
lese than tho velonity' G'k. Transforming equation (le!') by
equatiocn (19) gives

Ca 1 = = mry Oy (21)
. - (n—-l):p+1 } L

. ' ' L

The velocity in the minimum aecﬂtom 0£ venturi I will ba

Cp 1 = mp, Cy 1. . Substituting this in gqugﬁ;gq_(zl)

SRR B oD i ommey €, ¢ - (22)
k I (2 - 1) g+ 1 i T'1

With errnngement of the prassure—auguanting device
according to crse 2 (flg, -1b),the pressure differeance is:

; LA P :G \ PR Ok ® I
AP ‘= (P; L'+ lI:L )—' .P.k I = (1*'!9) Y, _"'g—g_'

+
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wherein Le equals loss coefficiont of the convergent sec-

tion of venturil I.1

Substituting Oy 1 in the 1ast equation by 1its velue
according to equation (22)  gives

4
Pr o= (1 + L) f ! R VN S
A - ® L(n—1)¢ + 1 -1 3 Zgﬂ:

Consoquently, the coefficient of augnmontation for zn arrange—
nont according to case 2 1lg} )

1=
n
Mg = (1 + b)) =y apg | (23)

(= 1) o + 1

and the residual loss in the pressure muliipller can de
expressed as follows: .

8P = $AP' = EMy ¥, Ei; (24)

To find the loss coefficlent '! add the partial losses
in each section of the multipllier and relate them to the dls—
charge veoloclty C, y; = C; &nd to 1 cubic mebter per saconé

discharge volume: Q, = C, F through the whole multiplier,

1It may be assumed thgt__ge =._0; more accurately

A mIa - .1

8 2 .
8 tan 5 mI

t =

whore A oquals frictional coefficlent of tho longth and 6
equals apox angle of the convergent length,
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The reslstance in- the convergent lengths of beth venturis
can be neglected.- Consequently, the residuml pressure loss
will be equal to the sum of the losses in the divergent
lengths of venturi I:

c_.%
trim?® - 1) gl v, Jen s

and >f venturi II:

a__ _ 1)y, G

wvhere Qp = 0g 1 Fq 'y =05 1 ¥ 1 equals volums of flow

through venturl I; and Y > 1 equalse a coefflclent repre-
senting the loss thropgh turbulence at the discharge from

venturi I.

By apvlying equations (12) anda (21)%

. _ . n® n® Al
°P={“'§I_I(mau = 1) ¢ Le®p - 1) Un - 1)cpli 1)1”"

By comtining this with equation (24), the loss coefficient of
a double venturl multiplier 1s odtained as:

= x%{\lft (7 - 1) 4'-.§1('m’:' - 1) 2 ma_II } (25)
ol I ST e - 1)+ 118

Now 1nvast1gate 1ndiv1dua1 cases.

(a) 8ingle: vegtur1 tube.. The 'venturi tube (flg, 4) 18

'commonly jused for measuring flow velocltlee in a section cone-
gslderably larger than the ‘tube lteelf., -The properties of
this tube as & dynamic pressurepaugmenting device will now be
examined. :

1The loss coeffini&nts {1 and - 11 can be found by
the expreasion o _ - : :
hr A m - 1

{ = ) +
8, tan 5 m+ 1

ein @

wvhere A coefficlent of friction of the length equals f£(Re);
ard © equals apex angle of the divergent length.
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" By neglecting the resistance in:the convergent lenzth
of the tube - that 1s, assuming {g = 0 1n equation (23),

and bearing in mind that for the particular cacse "myp = 1
and n ¥ @ . the coefficlent of augmentation becomes:

o 2
M°=m_aI.
®

By disregarding the losses in the flow outside the tube,
in equation (20) - that 1is, assuming ¢! = O- and, since

tr = L;(n®; - 1), o= J1+ ;I(maI - 1), the coefficient
of augmentation 1le finally sxpreesed by:

-t e

u. = nI (231)

If the section of the venturl tube 1ls sufficilently small
compared with the flow sectlon, the reslidual losses caused by
the tube are negligible; condegquently, the vehturi tube 'is &an
1deal pressure-augmenting device. The determination of the
pressure-ralsing capacilty of the tube 1s therefore of eminent

’ cl

importance. Fisune 5 shdws curves of My, and o = g as

al
functions of mr for 0 = 0.15. It will be seen that M,
at filrst increases mnbruptly with IncFfeasing my, and reackes
a value of =5 ‘for my = 4., Thence, M, increases very
slowly, and at my = o, attains only g .value of 6.65, It has
been found by experimeﬁt that at My = 8.25, only the most

efficlent venturl tubes of Navy and Zdhm (referende. 2) tyves,
tave a coefficlent of augmentation of "My = 6.38, OConséquedt-

ly, in splte of the economy of their use, venturl tubee'gre_
only practicadle at very low values of My,. Attention muset

be drawn to the fact that with no loss in the venturi - that
is, 4f {1 = 0 - then @ =1, and Oy 1 = C,; hence, the
theoretical volume of flow through the tube will be

Q'tr = C;F, 1, and the actual volume of flow:

¥
® .,

Qp = Cg 1 ¥y 1 =

1 . - .:
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or ¢ times lese than the theoretical flow., As shown by
figure b6, the losses increase with increasing my, and thus

also ¢, causing the volume of the flow through the tube to
diminish; the last circumstance explaining the consideradle
decrease in the actual wvalue of M,, compared with the the~
oretical value of M', = n"y,

It 18 now possible to define the prineiple of action of
a pregsure multiplier; which ‘consiste in the fact that, when
the diascharge -aperture of ‘the venturi is placed in a ‘con--
etricted szone of the flow (e.g., in the throat of-a second,
larger venturl), where the velocity is congiderably increasged
but the pressure leaeg than in the entry section of the tube,
an artificial "draught® is created (by the pressure difference
betwveen entry and discharge of the emall tube, and by the
eJector effeat of the veloeity O'y, 1in the throat of the

eecond venturi) which conliderably increases the volume of
flow and the velocity through the small venturi, and allows &
high coefficlent of augmentation.

.~  £b) Ratonuvtype, twin-ventur! pressure multiplier., -
Firstly. it muet be pointed out that the dlameter Dy 1 of

the throat of the smaller venturi should not be too small, in
order not to increase the coefficient of lose {7T.

Ir
a = EEL—: that 1es, a® = —EL—
kI Fr 1
then by'equation (13) "
2
L . . (26)
mp o1y ; ‘

For @, && In the preceéiné caea,

P mdl + Lp(m?p - 1) (27)

hence, 1f {, = O:

4

M, = 8 (33")

a® y
[(;E—;;; v 1) @+ %}
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The coefficient of loss ! 1s then by equation (25)

t = -ﬁ; W!x:(m i1 - 1)§I(m I - 1‘ . at — : (25')

g I[<'“Ta;?: - "1)2.,; + 1]3

To- determine the tatal length L of a mulﬁiplier. con-
slder firet the length 1 of the. dtvargent cone with an apex
angle of 8: . R sros .

=Da—Dk= .. _L 'I
2 tan % 2 %an % <¥ T-JE> t.: (28)

Then, the length L will be for 61 = 617 = 6, and by neg-
lecting the short entry length. of the smaller. venturl tube:

L = —2 [1'-J'._.1_ * 1(45‘—)] (29)

2 tan £ I
2

-1

To assist 1in determining the influence of individual
factors, figure 6 roproduces curves of M;, myy and 4
plotted agalnst M,, for the following conditlons: D = 800
millimeters, Dyt = 44 millimeters, [y = 0.1, ¢y = 0.175,
and VY = 1,0. It will be seen that for any value of MN, the
loss coefflicient £ 48 inversely proportional to my, and
consgquently to Mrrpe Tor a value of mr =3 to 6, the '

residual pressure loss 8P 1ie only 2 to 4 percent of the
preseure difference AP', which showe the high efficlency of

this type of pressure multiplier.

(c) Rateay triple- venturi pressgure multiplier,- Only the

equations wlll be given for thia case By introducing the
additlonal factors: Do - e

r ¥
_a'—'_I_I_I_ and n¥ = _LC_M

mIII =
Fx 111 Fa 1II



y

NACA TM Fo,.1081 . 15

and assuming [g = O,

Ky = [ — n* ~ my myy mIII]a (30)
(n =)+l (n* - L)o* + 1

wkere © 18 calculated by equation (27) and o* 1s detor-
mined by the followling expression:

——caet

2 3

(31)
o - 1y + 1] °

o =/ 1 + wirr(a®p - 1) + L(a®p - 1)

By neglecting the iInelgniflcant losses in-the amaller
venturli I, the loes coefficlent of the multiplier 1e deter-
mined %y the expression:

ron | . o)
= Sty £ D)+ platyr - ) e

[(n* - L)p* + 1] %

(4) The auytnor's multinlier.- In-‘this case (see fig. 7):

-

ghia 3 Sl e SN | (33)
. N .o
T
where B 18 obtained by equatdion (7). The values of n, @,
and M, are found as before, froum equations (26), (27), and

(231),

The residual losses In the flow behind the orifice equal:

GBI
2g

a
W(mII - 1) 'Yl

and the lose coefficient therefore:

g =-E1; (mII - 1)3 + Lr.l(mBI - 1)
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To asslst in determining the influence of individual
factore, curves of d/D, my, anad £ are shown in figure 8,

(the curves in figs. 6 and 8 have been plotted by S, M. i
Rothetein) plotted againet values of M,, for the conditions:

D = 800 millimeters, Dy r = 44 millimeters,- {7 = 0.1, and
w: 1.0.

It will be seen that at any value of M,; +the residusal
lose coeffliclent is inversely proportional to my, and taus

to 4/D.

For mpr = 3 to 6, the corresponding residual loss 1s
about 3 to 6 percent of the presesure difference AP'.

II, SUCTION OR DISCEARGE GOVERNING

It is now proposed to compare the efficliency of constant-
volume governine (regulation of output) with the pressure-
sugmenting device fitted in the suction ("suction governing")
or the discharge ("discharge governing!") of the compressor.

1, Coefficlent of Variatlon of Output
The controlling force on the governor membrane equals g

equals f AP', wherein f 18 the area of the membrane. By
equation (5) ths expression for the controlling force becomes:

G2y .
= A (35
q Ca i (35)
where
£ .
A =M, ——
and
F =T D® cross-sectional area of the plpe before the aug-
4 mentor
c compresslibllity factor in the squation for the

dlscharge volume

1See footnote on p.. 17,
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By neglecting the slight variation in the value of O,
the controlling force becomes directly proportionate to
63 vy, = ©G being the mass flow 1n kilograms per second and

vy the specific volume of the flow before the pressure aug-

mentor, The fact that the magnitude of the controlling force
18 dependent on the specific volume as well as on the mass
flow also explalns why the arrangement of the augmentor in
the suctlion or the diecharge, differently affecte the con-
trolling force.

To further inveetigate this circumstance, examine the
lines of equal controlling foree in the Py ~ Q dlagranm

(Pd being the final gas pressure and Q the voluma flow in
cubic meters por second proportional to G at constant Pg

and ty - that 18, Q = G vg). Ae will be shown further

on, & governor working under 1deal conditions wlll operate
at q = constant. Then, 1f the preessure-augmenting device

1s situated on the suctlon side, where .Ps and ts vary

only inconsiderably with atmospheric conditions ~ the spe-
cific volume can obviously be assumed.-constant throughout.
the governing process - that 1a, vg = v,. OConsequently,
.the chrvea.df @ = A E—;EE-— constant' in the Py - Q diagram
will form yértical strelght lines agreeing with G = constant
and Q = constant. (Furthermore, 1f gq = constant - 1.e.,
AP' = conetant -~ then o0.= constant 18 also correct, eince
already AP! /Py = constant. )

Conditions are different if the pr-asure augmenting
device 18 on the discharge side since Pg and tg, and’
consequantly, Vd = V1 vary conalderadbly during the' govera-
fng procese. Therefore, the governor no longer controls the
value of G, but a value provortlional to :

'For .orifice -plates (diaphragms);
. o . o
C.a 1.2 (0.435 + .0.36 L) AP.  x = adisbatic index
k . .. D1a/ Py ) : o

FTor nogzlés:

0‘-1-—(08+—- L. por L .03
P, P, -

- Tor all pressure multipliers;
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whence:

Bl

G

(m = polytropic coefficient of compression )

" Ga vB . .
and consequently . q = & = —2¢ (36)

The last equation also shows that with G or Q con-
stant, the controlling force q will decrease with increaso
of pressure ~ that 1s, the lines of constant controlling
force are parabolic éurves, as shown on flgureés 10 and 11

(For detalls, see below.)

Zxamine the simplest type of governlng device (fig. 10),
operated by .controlling the running speed of the driver (e.g.
a steam turbine). The principle of action of this governor-
1s as follows: When the resistance in the pipe line (e.g.,

a blast-furnace) increasee, the characteristic curve of the
pipe line becomes displaced from position I to vosition II on
the diagram. (See fig. 10.) 1Initially, owing to the insen-
sltlvity and inertias of the system, the steam valve does not
open, and the power input N, remains constant. The value
of the revolutlon speed, however, becomes displaced freom the
point a along the N, curve toward point e!, This dimins-

2
1shes the controlling forca q = 4 G(;:. whether the pressure

augmentor 1s fitted in the suction or the discharge; but this,
in turn, causes the governor memprane to move upward, and
with it the piston of the governor valve. By thie means,
pressure oll 1s permitted to enter underneath the servo-motor
plston raiseing it, and opening the steam valve. The driving
power then 1ncreaaes until the maess flow 1s restored to its
original value. Then the sleeve f the governor . valve rises,
cutting off the steam and stopping.the servo moter. When

the governing procees has thus been completed, a new condi-
tlon of equilidbriur is establighed, with the power.and running
speod increased, tut the controlling force reduced q > q,.
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Thie ie due to the fact that the inoreased power output ¥,
Ng > ¥p corresponds to a higher position of the steam valve,
"and with it, of the governor-valve sleeve; whilch, however,

18 only poseible if g4 < qq. This form of governing 1is,

therefore, orly posslible if the degree of irregularity of
the controlling force (sensitivity of the governor) is a
fixed value:

Am

where

However, whether the presesure augmentor 1s on the suc-
tion or the dellvery sidse, the real governing curve will
always be found dieplaced to the left of the line of
Qg = constant, the dletance incrsasing with the value of

8q. (If a cut-out (lever 7) is not provided, and the gover-
nor valve sleeve is statlonary, a new condition of equilib-
rium can only be obtained with the piston of the governor
valve in the original position - 1.e., when gqg = qq = q =

constant. A governor of this type would be capable of pro-
dueing the "ideal" governing curve - i.e., a line of =
constant and would possess zero irregularity, Bq = 0,

Consequently, with an augmentor on the suction side, the.
sensltivity of governing will be about half the valus of the
degree of irregularity of the controlling force:

e ~ Og Gg - Gg 1
= = % - = § (38)
O-Q. gm G.m g 4

A different relationshiyp odtains for an augmentor fltted
on the dlischarge slde.

It 18 consequently poseible by suitable selection of the
degree of 1rregularity of the controlling force gq *to obtaln
even gzero degree of irregularity of the governing G or Q
and thus an almoet vertical governing curve. In general, the
greater the range of q, the less the degree of irregularlty
of Q; thue, with a sufficiently large value of LPD) the
value of 8q may even become negative,.
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It 18 obvioualy very dasirable, therefore, to lncrease
the degrees of irregularity of the controlling force, as con-
tributing to the sensitivity, stabllity, and speed of action
of the governing prdocese. However, 1f the pressure-augment-
,ing device 1s on the suction side, an increase in the value
of,-Bq sinultaneously leads to an increase 1n 8Q which
is, of couree, undesirable. Consequently, one advantage of
fitting the presesurs aungmeminr on the discharge slde, is the
poeslblllity of obtailning & very small degree of irregularity
in the governing process coupled with a sufficlently high
range of controlling forece,.

If the output Gy or Qg 18 to be controlled within a
pressure range of Pd: to Pda (f1g. 11), the 1line of gqq =
constant paessing through a point with the coordinates G,
or Q, and Pdo = 1/2(?51 #'Pd'), 1a represented by ths fol-
lowing equations:

i G2 v 2 839 v

fg'ﬁ 0 (id )
G2) wi)°
or
. 2
y o (E8) 35
' 4c _ 46 T 1 : (39)

- e——, =X 1 -
o o Go(PdQ LTy
PS
where

g - 0 = k TNpol (40)
(x - 1)np°1 +1

ﬂpof is polytropi& efficlency; k 18 adlabatic coefficient

and -
T AG = G -~ Gos AQ = Q - Q0

o construct the line of q = constant, determine:

APy = AP'g 025 = Mg — 0 "8 _
(Continued on p. 21) . 8
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In the firet approximation the curve of gq, = constant

18 .2 straight .1ine, for which:

AQ, _AQ; APy a1y
Qo TQo ' 8me Pa, '

where

" APd = Pdg' - Pdo = .Pdo - Pd‘l

If the governing curve ie to have.its origin at point 1
and terminate at point 3 (fig. 11), corresponding to gero
mean irregularity of Q or G - that 18, to 85 = 0 - 1%
will be necessary for the degree of irregularity of the gove:

erning force to have a value of:

90

A first.approximétion for 8q can-be obtained by the
following equation: ) .

100 (P d) 100 percent (43)
o

From this 1t follows, for instance, that if 1t 1s de=
slred to control Q within a degree of irregularity of
BQ = 0 and within pressure limits of £10 percent of Pdo,

1t 1e necessary for the controlling force to have a degree
of irregularity of 8, = 10 to 13 percent (m, between 1.56

and 2.0)
(Continued from p. 30) and thence, Oy and APy = éjh

. ’ ° A
Further, values of nnol (with ~ Q = Qé? m, Fo

corresponding to a ran:ge- of valueg of P4§ bsetween Pdi and P.da:

must be determined. mhe required values of AG and G, or
AQ and Q, will be found b¥ equation (39), :
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2. Steadinesa of Gpverning

Without golng into details, 1f the pfessure augment or
18 fitted 1in the dlscharge, the -dynamics of governlng are
affected by the appearance of a negative term 1n one of the
factors of steadlness. Since, however, the governling process
of a centrifugal compressor 1s steady 1n all cases (referience
3) (8o long as the compressor is operating in the asteady re-
glon of the characteristic), thie circumstance will hardly
be materlal,

5., Power Lost in Governing

Owlng to the nebessary.high pressure differences AP,
(reference 3), the residual pressure losses and accompanying
power losses are of material slgniflcance ln the problem of

governling,

If, on account of roeidual pressure losses in the pres-
sure-auZrenting device, the initial pressurs Ps i1s reduced

by the amount 8Fg or the final pressure Py Dby the amount
8P3, the compresslon ratlo must be increased to:

e! = Pg = € .
P, - 8P4 1_8Ps
P

8
in the first case, and:

=Pd+6Pd (1+

eI

=)

in the second case.
Tbe second expresslon is connected with the excess power

fficient SN = X! - ¥
coefficien 5 et

(a) Preggure-augmentor on the svction slde:’

which i8¢

- 1 polk -1
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Uncooled compregsor:

SR Y G St

8N
x' = "1 = £ (44)
EX -1 o 1 - ¢ %
Cooled ocompressor:
. _1g<l - Eéﬂ_)
SN lg ¢' - 1g ¢ 8
28 _
5 TE c = Te < (45)
(b) Presgure asugmentor on the dlgchargze side:
Uncooled compressor: 1
8N (1 * :11: X"
— 8 (46)
1-¢ A
Cooled compressor:
BP!
Ny lg<1 t )
_Nd = —— 787 (47)
lg ¢ .

Sufficiqntly accurate values can be obtained by the
followlng series expansions: . .

Uncoole mpr or:
Ipr .. 8P
5%1 = ————4571 i (44')
l - ¢ A
Cooled compregsor: _ . 8P,
N, . P
Eﬁs = 8 (451)
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u oled mp r:
. an
[ - R —F———
8§Ng - s \ (461)
¥ 1 '

(@ - )

5Pg
8N Py
a4 . (471)
K. 3.303¢ 1g ¢

Co compreggor!

These formulas indicate that the relative excess power

coefficlent %? 1s directly proportional to the ratio ST

Fg
and varies inversely with the compression ratio ¢ (see
also figs. 1l2a and 12b}.

To compare the mower loss in the suction with the power

<
lose 1n the dlscharge, consider the ratio GHB. Since:
6Ng
. 8X §P
. NB = € —r?-g (48)
; 8%q 8Py

-'t

i1f tkhe residual loss 8P 18 equal on both sides - that 1s,
8Pg = BPd ~ then an augmentor in the discharge will produce

a power loss € ‘times graater than the power loes on the
suction silde.

To compare the pressuro losses §Pg ‘and 8Pg, considor

the elmpleet form of pressure augmentor - 8 nozgle fltted as
tn caso 1 (fig. 1). Sincs: .

O Py
Y Efl

.1 zg.

thon, by oquations (4) and (éj. by aesuming © = 1:
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——— - - . -

8P = [ ,/A‘pr ATR: ] .. (a9)
Hence, with squal preEeure differences AP', the residual
pressure loss on the dlscharge side 68P3 will bhe less than

the corresponding loes on the, suction side -8P since in

g*
the former case

) 1
m
'Yd = 'Y' € > .YB '

Aotually, therefore:

(1.9

> €
SNd

This 1s demonstrated fy figure 13, showlng the appropriate
values of* H, and the power. losses GNB/N and 8Ny/¥, for

AP' = 2000 millimeters water and different tvpes of preeeure
augmentors.

By esummarizing pares. 3, 4, and 5, from the polnt of
view of the degree of lrregularity of the governing process
and thée magniltuie of the accompanying power losses, discharge
governlng 1s more efficlient than suctlion governing.

III, DISIGH uND SZLECTION OF PRISSURE AUGMENTORS

1. Selection of the Type of Augpentor

t

When seleocting the most sultable type of pressure-aug-—
mentlng device, the followlng considerations should be borne
in mind: 1) arran ement (suction or delivery side);.

2) power losses; 3) structural lsesngth; 4) cost and. eimplicity
of manufacture; 5) fitting,  supervision; and maintenance.

The seloectlion depends entirely on which of the above factors
is to be consldered most important, t :

For, compression ratlios between 'é = 1 5 to 4.0 - that 1le,
for uncooled compressors- the follgowing indications may be
used (ses also fig, 13): 1) Orifice plates (dianhragme) and
nozgles are unsultable for:this case eince, for example, the
power loss when fitted in- the:discharge.exceeds 3 percent at
AP' = 2000 millimeters water, and 1 percent when fitted in
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the suction. 2) Plain venturis are unsatisfactory as requir-
ing very high values of M. 3) Rateau twin or triple ventu-
ries can only be used on the suction; furthermore, only at low
values of € and sufficiently high values of AP!'., 4) The
author's multiplier is recommended for use on the delivery
gide, slnce 1% couples a suffliclently low power loss coeffi-
clent with eimplicity and compactness of constructlion.

It should bde particularly mentioned thet whea governing
cooled compressors (turbo-compressors) from the delivary
slde, orifice plates and nozzles are perfectly sultablc as
pressure-asugmenting dovices; at a ratio of ¢ > 6 to 7, plailn
venturl tubes are also satisfactory, slnce the requlsite co-
efflclient of augmentatlion 18 M < 7. VWhen governing turbo-
compressore from the suction side, the author's type of pres-
sure multiplier 1s guite satisfactory.

2. Remarks on the Design of Pressure Augmentors

. Orifice plates and nozzles as pressure- augmenting de-
vices can be deslgned in all reapects along normal lines
(reference 4). If simultanevusly acting as flow meters,
they should be provideé with plezometer ringse.

'In designing presesure multipliers, full use should be
made of the avallable experlence in the construction of )
venturi tubdbes.

Although the diverging length

Peta X, (1-7—) | (28)

should be as short &8 poesible, the apex angle should never
exceed 60,- at most 70 to 80 -~ to avold dreak away of the
flow and consequent incrsased flow losses.

The throat diameter Dy y of venturi I should prefer-

ably be more than 20 to 30 miliimeters. The angle & for
the converging entry length 1s usually 230°. .The intake sgec-

tion F, 1 should be.sufflolent to¢ ensure.that
Co I = Cy- max = Ko Oy, where "G; pax 18 the velocity in
the axis of" the pipe at a aufficient dlstance upstream, In’
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such case, the followlng expression desrived from equation
22, can be used for all pressure. multipliers excepting the
"Rateau triple-venturi -type:

F = F 1 B_’ o © 7 (50)
L el G- Des1 .

But if the value of ¥, 1 18 taken lovwer than by the above

equation, there is obtained O, I > 0 max Wwith the result

that the normal pressure and veloclity field in the pipe be-
comes diastorted, with increased irregularity and additional
losses. The coefflicient K, may be taken at 1.0 to 1l.2.

When designing a pressure multiplier of the author's type,
the dlecharge of the venturl F, 1 ehould preferably be

sltuated in the minlmum section of the flow behind the di-
ephragm, which wlll be at about:

0.2D to 0.35D for &/D = 0.85

0.35D to G.5D for 4/D = 0.75

0.5D to 0.7D for 4/D = 0.7

The entry sectior ¥, 1 should be distant at least 0.1D to
0.6D from the dlaphragm.

It may be mentioned in closing, that a number of the
propositions set up in this papsr, 'still need experimental
checking and development.

Translation by L. J. Goodlet.
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Figure 1.~ Alternative arrangements

of the pressure-augmen-
ting device: (a) case 1; (b) case 2;
(¢) case 3.

Figure 2.~ Loss coeffi-
cient { , and

ratio d4/D for orifice-

plates and nozzles (d/D

C;' ¢ a . b . :
R — b - il
‘ & '
; Figure 3.- Rateau pressure mul- e
: . tipliers: (a) twin
venturi; (b) triple venturi. t
- ' h-
o _e—y
. 4
- g . Figure 5.~ Relationship
GR ' between values

i of Ho, ¢ , and 'mI‘ of a.

Figure 4.~ Vénturi tube.

venturi tube, :

- for augmentor after case 2).
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Arrangment diagram of an output governor.

discharge pipe-lins.

Pressure-augmenting device.

Output governor (controlling member)

Governor valve (piston valve).
Governor valve sleeve.

—A 5\\\~ Figure 9.-

I 1. Intake and
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Figure 8.~ Dosign ourves for a Ris gf
multiplier, )

Governor valve sgpindle.
Cut-out lever.
Servo-motor.

Steam valve.
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Figure 13a.- Power loss é%é . 100 related to

Figure 11.- Qurve of q = const. and irregularity 8q,

OPg .
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8Pg = residual pressure loss on the suction side.
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